Résumé -Les critères d'élaboration pour des conducteurs de Nb 3 Sn prêrêagis et avec renforcement interne, ainsi que les propriétés supraconductrices à haut champ de conducteurs avec différents matériaux de renforcement sont présentés.
INTRODUCTION
A 10 T -1.8 K superconducting solenoid with a clear bore of 390 mm is to be rated up in magnetic field by at least 2 Tesla by means of a Nb 3 Sn-insert coil. A reasonable operational current density of 6.5 • 10 3 A/cm 2 in the conductor leads to the following size of the insert coil: 300 mm i. dia., 380 mm o. dia. and a length of 400 mm. A prereacted Nb 3 Sn conductor must be used in the windings for forming cooling channels to warrant a sufficient electrical stability by LHe-ventilation. The Lorentz forces of 150N/mm~ in the coil require a mechanical reinforcement of the conductor. A compacted monolith configuration with a central steel core seemed to be a reasonable solution. 1),2)
THE CONDUCTOR CONFIGURATION
The geometric size of a prereacted Nb 3 Sn conductor is not only determined by the operational current, but the thickness of the conductor is determined by the strain occurring by bending during the winding of a coil. The Nb Sn conductor will be damaged irreversibly at strains exceeding 0.6 %, as shown by Kuckuck et al-" and Rupp^-*. The tensionless state of a long length of such a conductor is a bent one, because the heat treatment has to be made on a spool. From this state, the conductor will be straightened and rebent again and experiences strain and compression during the processing, so that the final geometric size is a compromise regarding all the steps of handling. Thus, for a final bending diameter of 300 mm and a heat treatment diameter of 600 mm, a conductor thickness of 3.5 mm seemed to be tolerable, in particular under the aspect that the distance of the Nb 3 Sn filaments from the neutral axis is smaller than 1 .75 ram, which can be seen in Fig. 1 (a) . The final strain £ between heat From empirical data of current density, a content of 20 % Nb,Sn -: bronze in the cross section should be sufficient. A subdivision of the remaining area into a copper and a steel part can only be made very crudely by simplifying assumptions. The mixing rule, assuming steel to behave elastically, copper and bronze being in the plastic regime and contributing to force carrying by GO N/mm2 and 150 ~/ m r n~ respectively, zives a steel fraction of 12 %. The composition of 20 % Nb3Sn-bronze, 68 % copper and 12 R core material could not be achieved in all the samples because all the core materials were not available in the right dimensions. The critical currents were measured in one layer "wind and react" coil sample over one turn at least, i.e. 29 cm,whereas the total number of turns was four. The I, values were defined for a voltage drop of 0.5 uV/cm and determined up to fields of 10.5 T. Because the bare conductor was well cooled by the liquid helium environment, the conductor was tested far into the current sharing regime where heat fluxes up to 7 . lo-' Watts/cm2 occurred. Fig. 2 shows the critical current values for the Nb,Sn conductors with the different strengthening cores. The conductor with the copper core can serve as the basis for comparison, because the composition of Nb,Sn, CuSn-bronze and copper corresponds to the usual arrangement in multifilamentary Mb,Sn conductors. Obviously the current densities decrease with increasing thermal contraction coeff'cient of core material as was e~pectcd.~).~f Also in the slightly compacted state the compacted cable showed the same reduction in lc as in case of 100 % compaction comparing e.g. the A 286 core conductor with the copper core conductor. The current sharing regime in these Nb,Sn conductors is very much extended and covers between a voltage drop of 0.5 uV/cm to 33 pV/cm an increase of current of about 700 A. The copper matrix contributes only about 70 A to the current carrying capacity. Some typical data in c r i t i c a l c u r r e n t v a l u e i n a r e l a t i v e l y h i g h r e s i s t i v e s t a t e . The l o g a r i t h m i c i n c r ement a of t h e i n c r e a s The l o s s e s of t h e i n s e r t c o i l mentioned b e f o r e would be 3.6 Watts i f i t o p e r a t e s a t a v o l t a g e of 0 . 5 pV/cm and a c u r r e n t l e v e l of 1350 A , i . e . a t c r i t i c a l c u r r e n t , i n t h e h i g h f i e l d windings. T h i s d e m o n s t r a t e s t h a t t h e c u r r e n t s h a r i n g regime cannot be used i n a s t e a d y o p e r a t i o n mode.
CRITICAL C U R E S T VALUES
e of r e s i s t i v i t y w i t h t r a n s p o r t c u r r e n t (i: = po e x p [ a -( I -I , ) ] ) h a s t h e same v a l u e 6.04 . [A-'1 f o r a l l t h e c o n f i g u r a t i o n s . I n comparing t h e c r i t i c a l c u r r e n t of s t r a i n i n f l u e n c e d conduccors it might b e more convenient t o u s e a n I, d e f i n i t i o n on t h e base of t h e r e s i s t i v i t y of t h e s u p e r c o n d u c t o r i n t h e non-copp e r c r o s s s e c t i o n i n s t e a d of a v o l . t a g e / c m -d e f i n i t i o n , because t h a t i s l i k e w i s e corr e l a t e d t o an i n t e r n a l p h y s i c a l p r o p e r t y . Thus, a r e s i s t i v i t y v a l u e of p = 1 0 -~~R c m of t h e s u p e r c o n d u c t o r i n t h e bronze c r o s s s e c t i o n , a v a l u e sometimes u s e d , would l e a v e unchanged t h e I, v a l u e i n t h e c a s e of t h e copper c o r e but d e c r e a s e t h e I, v a l u e from 275 A down t o 770 A i n c a s e of t h e A 236 c o r
The h i g h f i e l d p a r t of t h e c o i l could be run i n t h e c u r r e n t s h a r i n g s t a t e i f t h e a v a i l a b l e c o o l i n g power would be s u f f i c i e n t . An e s t i m a t i o n of t h e l o s s e s t o b e exp e c t e d needs t h e knowledge of c u r r e n t s h a r i n g b e h a v i o u r i n dependence on t h e magnetic f i e l d . 14easurements of t h e c u r r e n t s h a r i n g v o l t a g e a t c o n s t a n t c u r r e n t i n a d e c r e a si n g magnetic f i e l d g i v e i n a f i r s t a p p r o x i m a t i o n a n e x p o n e n t i a l r e l a t i o n s h i p f o r t h e r e s i s t i v i t y p = 0, exp [-Y (B, -B) 1 w i t h a l o g a r i t h m i c decrement y = 1.98. From t h a t , a mean r e s i s t i v i t y f o r t h e t o t a l c o i l can be d e r i v e d t a k i n g i n t o a c c o u n t t h e kab. I: The c r i t i c a l c u r r e n t I,, c u r r e n t Ics i n t h e curr e n t s h a r i n g regime, ICu t h e c u r r e n t i n t h e copper m a t r i x and t h e c o r r e s p o n d i n g r e s i s t i v i t y p i n t h e

TRIAL WINDINGS About 5 m of d i f f e r e n t conductor samples were h e a t t r e a t e d on a 600 mm d i a m e t e r s p o o l a t 700° C f o r 120 h and from t h a t wound o n t o a sample c o i l of 300 mm. The f o u r windings were wound c i g h t t o t h e b o r e t u b e and i n s u l a t e d from t u r n t o t u r n by a capt o n f o i l . The o u t e r s i d e o i t h e conductor was w e t t e d by l i q u i d helium.
The i n v e s t i g a t i o n s were performed i n t h e 390 mm b o r e of t h e magnet mentioned bef o r e a t 4.2 K up t o C T. The L o r e n t z f o r c e s cause t e n s i l e o r compressive f o r c e s on t h e conductor depending on t h e d i r e c t i o n of sample c u r r e n t (a = = j ' B r ) . The comp r e s s i v e f o r c e s i n p a r t i c u l a r a r e s u p p o r t e d by t h e b o r e t u b e s o t h a t t h e c o n d u c t o r h a s t o c a r r y no f o r c e s . F i r s t t h e c r i t i c a l c u r r e n t v a l u e s of t h e c o n d u c t o r s were determined i n t h e f o r c e f r e e mode and t h c n under t e n s i l e f o r c e s . P u r e bending caused a r e d u c t i o n i n c r i t i c a l c u r r e n t between 10 and 15 % compared t o v a l u e s gained from t h e "wind and r e a c t " samples. T h i s must be deduced from t h e t e n s i l e and compressive f o rc e s o c c u r r i n g i n t h e curved conductor which do n o t compensate due t o t h e non-lineari t y of t h e s t r e s s Even i n t w i s t e d and t r a n s p o s e d c o n d u c t o r s t h e r e i s no b a l a n c e by bypass c u r r e n t s because of t h e r e s i s t i v i t y of t h e m a t r i x . I n any c a s e , bending w i l l l e a d t o a c e r t a i n r e d u c t i o n i n c r i t i c a l c u r r e n t .
The e f f e c t s of bending and t e n s i l e l o a d on t h e conductor a r e g i v e n i n Tab. I1 f o r t h e i n c o n e l and TZM c o r e , where I,, I c b and Ic* a r e t h e c r i t i c a l c u r r e n t s i n t h e s h o r t sample, i n t h e curved c o n d u c t o r and under t e n s i l e l o a d , and o* t h e t e n s i l e f o r c e a t 8 T and I,*. The Tab. I1 reveals that the core materials inconel and TZH have a different effect on the current densities of Nb,Sn under force load. Under the bending tension both conductor configurations experience a reduction in current density, the TZM configuration a little bit more than the inconel version. Under tensile forces the current density of the inconel version increases whereas that of the TZM version decreases. At the test the maximum load by running into the current sharing regime was 166 ~/ m m ' with inconel and 137 N/m2with TZM. These maximum loads were cycled five-times and by that the TZM version exhibited an aging effect in the sense that from the first run to the fifth the I , * value dropped from 1300 A to 1675 A with a tendency of approaching a constant value. The conductors were stressed up to the plastic regime and a remaining strain of about 0.2 % could be measured by the change of conductor length. The behaviour of the TZM core conductor suggests a reduction of precompression effect by the small. thermal contraction of molybdenum so that the original state is near the maximum value in the Ic/c characteristic and the tensile forces lead very soon into the decreasing branch, as was verified by measurements of Specking et a1. The investigations have shown that strenghening considerably influences the critical current density of Nb3Sn conductors, due to its differential thermal contraction coefficient. The results of the inconel respectively the A 286 core and of the TZH core suggest the possibility of compensating the thermal contraction effects by selected core materials. In the range of bending strain up to 0.6 7 0 the prereacted conductor can be wound and rewound without any damage. The final bending strain should be small to keep the loss in critical current in a tolerable limit of 1 0 %. 
